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A Scalable Linear Algebra Package
(ScaLAPACK)

A library of linear algebraroutines for MPP
and NOW machines.

Problem Solvers

— Linear Equations
— Least Squares

— Eigenvalue



Technical Working Notes
— http://www.netlib.org/lapack/lawng/



Coding Emphasis
— Scalability
Efficiency

Reliabi
Portabl
Flexibi

Ity (error bounds)
Ity
Ity

— Ease of use



Support in Commercial Packages
— NAG Paralld Library

—IBM ESSL

— CRAY Scientific Library

— VNI IMSL

— Fujitsu, HP/Convex, Hitachi, NEC



ScaL APACK Components
— LAPACK (Linear Algebra PACKage)
— BLAS (Basic Linear Algebra Subroutines)

— PBLAS (Parallel BLAS, adistributed memory
version of BLAYS)

— BLACS (Basic Linear Algebra
Communications Subroutines)



LAPACK

— Routines are single-PE Linear Algebra solvers,
utilities, etc.

BLAS

— Single-PE processor work-horse routines
(vector, vector-matrix & matrix-matrix)

PBLAS

— Parallel counterparts of BLAS. Relieson
BLACS for blocking and moving data.



BLACS

— Constructs 1-D & 2-D processor grids for
matrix decomposition and nearest neighbor
communication patterns. Uses message passing
libraries (MPI, PVM, MPL, NX, etc) for data
movement.



ScaL APACK

LAPACK :  PBLAS
BLAS . BLACS
MPI. PVM....

Serial Parallel



Initialize BLACS routines

— Set up 2-D mesh (mp, np)

— Set (CorR) column or Row Major Order
— Call returns context handle (icon)

— Get row & column through gridinfo
(myrow,mycol)

blacs gridinit( icon, CorR, mp, np)
blacs gridinfo( icon, mp_info, np_info, myrow, mycol)



Block-cyclic Array Distribution.
— Block: (groups of sequential elements)
— Cyclic: (round-robin assignment to PES)

Example 1-D Partitioning:
— Global 9-element array distributed on a 3-PE
grid with 2 element blocks: block(2)-cyclic(3)



Block-Cyclic Partitioning
Block size = 2, Cyclic on 3-PE Grid

13|14[15|16(17| 18| 19| < Global Array
17|18 14|19 15|16
@ @ @ Locd
PEO PE 1 PE2  Arrays
0 1 2 Partioned Array
often shown by
GridRow O [@a]a2]17]18]13[14]19]15[16] thistype of grid

map

0 Indicates sequence of cyclic distribution.




Example 2-D Partitioning
— A(9,9) mapped onto PE(2,3) grid block(2,2)

— Use 1-D exampleto distribute column elements
In each row, a block(2)-cyclic(3) distribution.

— Assign rows to first PE dimension by block(2)-
cyclic(2) distribution.
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Syntax for descinit

descinit(idesc, m,n, mb,nb, i,j, icon, mla, ier)

lorO arg Description

OUT idesc Descriptor

IN m Row Size (Global)

IN n Column Size (Global)

IN mb  RowBlock Size

IN nb  Column Size

IN | Starting Grid Row

IN ] Starting Grid Column

IN icon BLACScontext

IN mla Leading Dimension of Local Matrix
OUT ier Error number

The starting grid location is usually (i=0,j=0).



Drivers
— Solves a Complete Problem

Computational Components

— Performs Tasks: LU factorization, etc.
Auxiliary Routines

— Scaling, Matrix Norm, etc.

Maitrix Redistribution/Copy Routine
— Matrix on PE gridl -> Matrix on PE grid2



Prepend LAPACK eguivalent names with P.

PX Z|ZZ

Computation Performed
Matrix Type
Data Types

Data Type| real dble cmplx




Matrix Types( ) XX 2ZZ

General Band (diagonally dominant-like)

general Tridiagonal (Diagonally dominant-like)
General Band

GEneral matrices (e.g., unsymmetric, rectangular, etc.)
General matrices, Generalized problem

Complex Hermitian

Orthogonal Real

Positive definite Banded (symmetric or Hermitian)
Positive definite (symmetric or Hermitian)

Positive definite Tridiagonal (symmetric or Hermitian)
Symmetric Tridiagonal Real
SY mmeltric

TRiangular (possibly quasi-triangular)

TrapeZoidal

UNitary complex



Drivers

PXX

Linear Equations (SV X*)

Least Squares

Singular Value

Eigenvalue (EVX**)

Generalized Eigenvalue

* Estimates condition numbers.
*Provides Error Bounds.
*Equilibrates System.

** Selected Eigenvalues
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Number of PEsto use = MxN/10**6.
Use a sguare processor grid, mp=np.
Use block size 32 (Cray) or 64

— for efficient matrix multiply.

Use vendor’'s BLAS.

Bandwith/mode (MB/sec) >
peak rate (MFLOPS)/10

L atency < 500 usecs.



Example: Linear Equation Solution Ax=Db

program ples

! Parallel Linear Equation solver

! Array A = ( MP*MLA x NP*NLA )

! Proc. gridis MP  x NP

! Local mat. (al) MLA x NLA

! array A(ig,jg) = 0.1*ig + 0.001*jg (ig not= jg)

! =g (ig =jog)

! Solve Ax=b, b=1
integer, parameter :: MP=2,MLA=4,MB=2,NP=2,NLA=4,NB=2
integer, parameter :: M=MLA*MP, N=NLA*NP
integer, dimension(10):: idescal, idescb
real, allocatable :: al(:,:), b(%)
integer, allocatable :: ipiv(:)
DATA NPROW /2 /,NPCOL/2/

CALL SL_INIT(icon, NPROW, NPCOL )

call BLACS_GET(0,0,icon)

call blacs_gridinit( icon,'c’, mp, np ) IMP & NP = 2**x
call blacs_gridinfo( icon, mp_ret, np_ret, myrow, mycol)



write(*,"( "(",2i2,")"," on ",i2," x",i2," grid ", &

& "Al(",i3,",",i3,")")") myrow,mycol,MP,NP,MLA,NLA
if( (MLA/MB)*MB .ne. MLA) stop 'MLA/MB not even’
if( (NLA/NB)*NB .ne. MLA) stop 'NLA/NB not even'

call descinit(idescal, m,n,mb,nb, 0O, O, icon, MLA, info)
call descinit(idescb, m,1,nb, 1, 0, 0, icon, MLA, info)

allocate( al(MLA,NLA), ipiv(MLA+MB), b(MLA) )
call setarray(al,myrow,mycol,4,4)
b=1.0
call PSGESV(N, 1, al, 1,1,idescal, ipiv, &
b, 1,1,idescb, info)
if(mycol .eq. 0) write(*,'( "(",2i2,")",4(f8.4) )' ) myrow,mycol,b
deallocate( al, ipiv, b))
end program



subroutine setarray(a,myrow,mycol,lda_x, Ida_y)
I distribute a matrix aa to the local arrays.

implicit none
real :: aa(8,8)
real :: bb(8,1)

integer :: lda_x, Ida_y
real :: a(lda_x,lda_y)
real ::Il,mm,cr,cc
integer :: ii,jj,i,j,myrow,mycol,pr,pc,h,g
integer , parameter :: nprow = 2, npcol = 2
integer, parameter ::n=8,m=8,nb=2,mb=2,rsrc=0,csrc=0
integer, parameter ::n_b=1
do i=1,8
doj=1,8
if(i .eq. j)then
aa(i,))=i
else
aa(i,j)=0.1*+0.001%
endif
enddo
enddo



doi=1,m
doj=1,n
I finding out which pe gets this i,j element
cr = real( (i-1)/mb)
h = rsrc+aint(cr)
pr = mod( h,nprow)
cc =real( (j-1)/mb)
g = csrc+aint(cc)
pc = mod(g,nprow)
I check if on this pe and then set a
if (myrow ==pr .and. mycol==pc)then
I'ii,jj coordinates of local array element
i=x+I*mb
Ljj =y + m*nb
Il = real( ( (i-1)/(nprow*mb) ) )
mm = real( ( (j-1)/(npcol*nb) ) )
il = mod(i-1,mb) + 1 + aint(ll)*mb
j = mod(j-1,nb) + 1 + aint(mm)*nb
a(ii,jj) = aa(i,j)
write(*,12345) i,},ii,jj,myrow,mycol
end if
end do
end do
12345 format("a(",i2,",",i2,") maps to (",i2,",",i2,") on processor ",2i3)
end subroutine



mpxIf90 -Iblacs -Iblas -L /usr/local/lib
-Iscalapack -lpblas -ltools ex2.f -o darwin

#!/bin/csh

# @ arguments=""

# @ input = /dev/null

# @ output = mycode.$(jobid).out

# @ error = mycode.$(jobid).error

# @ initialdir = /rmount/work/tkaiser/scalapack
# @ executable = run_it

# @ job_type = parallel

# @ notify_user = tkaiser@sdsc.edu

# @ requirements = (Adapter == "hps_user")
# @ min_processors =4

# @ max_processors =4

# @ notification = never

# @ wall_clock_limit = 00:02:00

# @ class = normal

# @ gueue

darwin

Compile
&
Run Script



program map_b

implicit none
real ::Il,mm,cr,cc
integer :: ii,jj,i,j,myrow,mycol,pr,pc,h,g

integer , parameter :: nprow = 2, npcol = 2
integer, parameter ::n=8,m=8,nb=2,mb=2,rsrc=0,csrc=0
do myrow=0,1
do mycol=0,1
doi=1,m
j=1
cr =real( (i-1)/mb)
h = rsrc+aint(cr)
pr = mod( h,nprow)
cc =real( (j-1)/mb)
g = csrc+aint(cc)
pc = mod(g,nprow)
if (myrow ==pr .and. mycol==pc)then
Il = real( ( (i-1)/(nprow*mb) ) )
mm = real( ( (j-1)/(npcol*nb) ) )
jj = mod(j-1,nb) + 1 + aint(mm)*nb
il = mod(i-1,mb) + 1 + aint(ll)*mb
write(*,12345) i,},ii,jj,myrow,mycol
end if

12345 format("b(",i1,",",i1,") maps to (*,i1,",",il,") on processor ",2i2)

end

end do
end do
end do



Processor O output

0:(00)on 2x2grid Al( 4, 4)
O:a(1,1) mapsto (1, 1) on processor
O:a( 1, 2) mapsto (1, 2) on processor
O:a( 1, 5) mapsto ( 1, 3) on processor
O:a( 1, 6) mapsto ( 1, 4) on processor
O:a(2,1) mapsto (2, 1) on processor
0:a( 2, 2) mapsto ( 2, 2) on processor
0:a( 2, 5) mapsto ( 2, 3) on processor
O:a( 2, 6) mapsto ( 2, 4) on processor
O:a( 5, 1) mapsto (3, 1) on processor
O:a( 5, 2) maps to ( 3, 2) on processor
O:a( 5, 5) maps to ( 3, 3) on processor
O:a( 5, 6) maps to ( 3, 4) on processor
O:a( 6, 1) mapsto (4, 1) on processor
O:a( 6, 2) maps to ( 4, 2) on processor
O:a( 6, 5) maps to ( 4, 3) on processor
O:a( 6, 6) maps to ( 4, 4) on processor
0:(00) 0.9321 0.3773 0.0444 0.0074

1 2 5

eololohololNololoelolloloelloelolololNo)
ololohololNoloeloeloelloeloeloelollololNo)



Processor 1 output

1:(10)on 2x2qgrid Al( 4, 4)

1:a( 3, 1) mapsto (1, 1) on processor
1:a( 3, 2) maps to ( 1, 2) on processor
1:a( 3, 5) maps to (1, 3) on processor
1:a( 3, 6) maps to ( 1, 4) on processor
1:a( 4, 1) maps to ( 2, 1) on processor
1:a( 4, 2) maps to ( 2, 2) on processor
1:a( 4, 5) maps to ( 2, 3) on processor
1:a( 4, 6) maps to ( 2, 4) on processor
1l:a( 7, 1) maps to ( 3, 1) on processor
1:a( 7, 2) maps to ( 3, 2) on processor
1:a( 7, 5) maps to ( 3, 3) on processor
1:a( 7, 6) maps to ( 3, 4) on processor
1:a( 8, 1) maps to ( 4, 1) on processor
1:a( 8, 2) maps to ( 4, 2) on processor
1:a( 8, 5) maps to ( 4, 3) on processor
1:a( 8, 6) maps to ( 4, 4) on processor
1:(10) 0.1924 0.0999 -0.0190 -0.0388

3 4 /

P RPRRPRRPRPRRPRPRPRPRPRPRPRPRREPR
eooNolNoloNolNololNolololNolololNolNe



Processor 2 output

2:(01)on 2x2grid Al( 4, 4)

2:a( 1, 3) mapsto (1, 1) on processor
2:a( 1, 4) mapsto (1, 2) on processor
2:a( 1, 7) mapsto ( 1, 3) on processor
2:a( 1, 8) mapsto (1, 4) on processor
2:a( 2, 3) mapsto (2, 1) on processor
2:a( 2, 4) mapsto ( 2, 2) on processor
2:a( 2, 7) maps to ( 2, 3) on processor
2:a( 2, 8) maps to ( 2, 4) on processor
2:a( 5, 3) maps to (3, 1) on processor
2:a( 5, 4) maps to ( 3, 2) on processor
2:a( 5, 7) maps to ( 3, 3) on processor
2:a( 5, 8) maps to ( 3, 4) on processor
2:a( 6, 3) maps to ( 4, 1) on processor
2:a( 6, 4) maps to ( 4, 2) on processor
2:a( 6, 7) maps to ( 4, 3) on processor
2:a( 6, 8) maps to ( 4, 4) on processor

eooNoNoloNolNololNolohololololNolNeo
P RPRRPRRPRPRRPRPRPRPRPRPRPRRERPRREPR



Processor 3 output

3:(11)on 2x2grid Al( 4, 4)

3:a( 3,3) mapsto (1, 1) on processor
3:a( 3,4) mapsto (1, 2) on processor
3:a( 3, 7) mapsto (1, 3) on processor
3:a( 3, 8) mapsto (1, 4) on processor
3:a( 4, 3) mapsto (2, 1) on processor
3:a( 4, 4) mapsto (2, 2) on processor
3:a( 4, 7) mapsto ( 2, 3) on processor
3:a( 4, 8) mapsto ( 2, 4) on processor
3:a( 7, 3) mapsto (3, 1) on processor
3:a(7,4) mapsto (3, 2) on processor
3:a( 7, 7) mapsto ( 3, 3) on processor
3:a( 7, 8) mapsto ( 3, 4) on processor
3:a( 8, 3) mapsto (4, 1) on processor
3:a( 8, 4) maps to ( 4, 2) on processor
3:a( 8, 7) maps to ( 4, 3) on processor
3:a( 8, 8) maps to ( 4, 4) on processor

P RPRRPRRPRPRRPRPRPRPRPRPRPRPRREPR
P RPRRPRRPRPRRPRPRPRPRPRPRPRRERPRREPR



We have aweb page that generates code for
matrix decomposition

www.npaci .edu/Resources/Batch/scal apack.html
Real*8 Avallableon T3e
Real*4 and Real*8 on SP




